Abstract-In this letter, it is demonstrated that the dominant multipath radio waves predicted with simple ray tracing show a good match in the time domain with those obtained from complex impulse response measurements along outdoor trajectories. By combining the measured intensities and delays of these dominant multipath components with their angles-of-arrival and angles-of-departure obtained from the ray tracer, good wideband directional channel realizations can be derived.
I. INTRODUCTION
W IDEBAND directional channel modeling (WDCM) is indispensable for the development and deployment of broadband radio communication systems using antenna arrays at one or both ends of the communication link. The performance of the multiantenna modes, often denoted as smart-antenna or multiple-input-multiple-output (MIMO) wireless stations, depends on the dispersion of radio waves both in time and space in the environment where they are employed.
In principle, all temporal and spatial radio channel characteristics needed for the evaluation and planning of these systems can be derived from the channel's power-delay-angle spectra. From the experimental point of view, high resolution angle-of-arrival measurement systems have been proposed for the measurement of power-delay-angle spectra of the mobile radio channel [1] . Although they provide very accurate channel estimations, the drawback of these measurement systems is that complex multidimensional antenna arrays and complex signal processing algorithms are needed to obtain the desired spectra. On the other hand, ray-tracing propagation models based on geometrical optics (GO), the uniform theory of diffraction (UTD) and scattering models can be an effective tool to obtain location-specific predictions of the power, delay, and angles of transmitted and received radio waves. The accuracy, however, may heavily depend on the modeling of buildings and the choice of dielectric properties of the building materials. Furthermore, when wideband directional channel realizations along outdoor trajectories are desired, the above mentioned methods generate substantial amounts of data which results in tedious data analysis. Therefore, both of the mentioned approaches are not easy-to-handle tools that cannot quickly provide radio system designers and/or radio network planners with the wideband directional channel realizations needed.
In this letter, it is shown that the combination of single-antenna wideband channel sounding and simple ray tracing along a vehicle trajectory is a simpler method to obtain good wideband directional channel realizations. By combining the measurement and prediction results in the time domain, it is possible to identify dominant multipath contributions and determine the corresponding angles-of-departure and angles-of-arrival in an indirect manner.
First, the measurement system, prediction tool, and scenarios investigated are presented. Then, the match of simple ray tracing with the measurement results is shown. Finally, the conclusions will be summarized.
II. MEASUREMENT SYSTEM
For the measurements, a sliding correlator radio channel sounder, which is based on the well-known pseudo noise (PN) correlation method [2] , [3] was used. The system is capable of measuring complex impulse responses (CIR) with a time resolution of 20 ns and a dynamic range of 40 dB. The most important specification figures are given in Table I .
For quasicoherent measurements, the frequency synthesizers at both the transmitter and the receiver were locked to highly stable rubidium clocks (short-term stability better than ). In order to obtain accurate power density 1536-1225/$20.00 © 2005 IEEE measurements, back-to-back calibrations with a fixed known attenuation were performed before the actual measurements. At the transmit and receive side a vertically polarized 2 dBi omnidirectional antenna was used. Both antennas were positioned below the rooftop of the surrounding buildings; the transmit antenna was positioned at 4.5 m height and the receive antenna was mounted on top of the measurement vehicle at 2.5 m.
III. PREDICTION TOOL
In urban areas, microcells can be deployed to provide high capacity in a local coverage area (approximately up to 1 km). The base station (BS) antennas in these microcells are usually mounted below the rooftop level in order to confine the radiated power. The communication between BS and the user's wireless devices is established via a direct path (if present) and multipath propagation resulting from reflection, diffraction and scattering of radio waves at various objects. In these types of scenarios, deterministic ray-based prediction models can provide locationspecific predictions of the channel impulse response based on the composition of multipath waves.
The ray-tracing tool used in this work is a twodimensional model suitable for the prediction of impulse responses and azimuth angle-of-arrival spectra in microcell type of scenarios [4] . It is a ray-tracing model based on GO to model free-space propagation and reflections, and UTD to describe diffraction effects. Transmission through buildings can be an important propagation mechanism in microcell scenarios. Therefore, transmission through buildings is modeled by means of reflection losses at the exterior walls and an empirically determined building attenuation factor to account for the interior losses [5] . In addition, a model for scattering from trees is included in the tool [6] .
Our purpose is to show the effectiveness of simple ray tracing by using a limited number of simulation parameters with typical values and a limited number of multipath contributions. The contributions taken into account were the direct wave (either line-of-sight or transmitted through a building), single reflection, single scattering, and combinations of two of these wave interactions.
Commercial ray-tracing tools provide the possibility to model the material dielectric properties of individual buildings separately. In our more simple simulations, however, the relative permittivity and conductivity were chosen for all buildings. These parameters correspond with simulations and measurement results obtained in microcell type of scenarios [7] . For the estimation of transmission through buildings, an average building attenuation factor of 2.1 dB/m was chosen, as found in [5] .
IV. COMPARISON OF MEASUREMENTS AND PREDICTIONS
CIR measurements and predictions were performed along various trajectories on the campus of Eindhoven University of Technology. The experiments were performed in two different areas, with both areas containing multifloor buildings. In this letter, results for one trajectory in each area will be shown. The first area is situated around the Traverse building as shown in The second area is situated in the vicinity of the ST-building as shown in Fig. 2 . The results shown for this area are obtained for the line-of-sight trajectory depicted by the dashed line. Fig. 3 shows the measurement results for the Traverse case. The figure illustrates a top view of the power-delay-profile consisting of multipaths arriving at a time delay indicated along the vertical axis and with an intensity indicated by the gray-scale palette. The horizontal axis indicates the measurement position on the trajectory (traveled from left to right) as the distance from the starting point. When the vehicle starts a drive with constant speed, the path lengths of the multipath contributions coming from behind of the vehicle become longer resulting in longer delay times. These contributions appear as patterns with a positive slope. On the other hand, the path lengths of the multipath contributions originating from in front of the vehicle become shorter resulting in shorter delay times, which appear as patterns with a negative slope. In the figure, the contribution arriving via transmission through the Traverse building (1) and multipath contributions arriving from the right (3, 4, 5) and left side (2) of the building can be clearly distinguished.
In the prediction results shown in Fig. 4 , the same dominant contributions can be observed. The evolution of the dominant waves along the trajectory provides enough information for comparison. These figures indicate a good match of measured and predicted dominant contributions.
Figs. 5 and 6 show the measured and predicted power-delay profiles along the trajectory for the ST-building case. In these figures the reflections from obstacles along the street are clearly visible (4, 5, 6) . Again, a good match can be observed between the arrival time of the measured and predicted dominant contributions. For matching dominant contributions, the measured signal intensity and time delay of a particular contribution can be combined with the predicted angles-of-departure and angles-of-arrival to obtain complete wideband directional channel realizations. level with the exception of only the most dominant contributions, the Match lines give a good indication of the significance of these dominant contributions for the total received power. The received power figures indicate that the majority of the signal intensity is concentrated in the dominant contributions.
A similar analysis of the r.m.s. delay spread showed significantly lower matched values than the measured ones, indicating that weaker contributions can have a more pronounced effect on the delay spread than on received power. This is more noticeable in the line-of-sight case where the tunneling effect of the buildings causing many multiple reflections is not included in the predictions. One method to solve this is to allow more interactions during ray tracing or to model the large number of weaker contributions stochastically.
V. CONCLUSION
In this letter, a method has been presented to obtain wideband directional channel realizations from single antenna channel sounding and simple ray tracing in microcell scenarios. In the time domain, the dominant radio waves predicted with simple ray tracing show a good match with dominant radio waves obtained from complex impulse response measurements along outdoor trajectories. By combining the realistic intensity and delay of the dominant multipath components from the measurements with the angle-of-arrival and angle-of-departure from the ray tracer, the power-delay-angle spectra of the mobile radio channel can be obtained. These wideband directional channel estimations are suitable for the evaluation of broadband communication systems using antenna arrays at one or both ends. Finally, as shown in [5] , [6] the way of comparing measurements with predictions, as presented in this letter, can also be used for the estimation of interaction coefficients with the environment in order to improve the modeling of specific propagation mechanisms used in the ray tracer.
